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Past nuclear accidents, such as Chernobyl, resulted in a large release of 
radionuclides into the atmosphere.  Radiological assessment of the vicinity of the site of 
the incident is vital to assess the exposure levels and dose received by the population 
and workers.  Therefore, it is critical to thoroughly understand the situation and risks 
associated with a particular event in a timely manner in order to properly manage the 
event. Current atmospheric radiological assessments of alpha emitting radioisotopes 
include acquiring large quantities of air samples, chemical separation of radionuclides, 
sample mounting, counting through alpha spectrometry, and analysis of the data.  The 
existing methodology is effective, but time consuming and labor intensive.  
Autoradiography, and the properties of phosphor imaging films, may be used as an 
additional technique to facilitate and expedite the alpha analysis process in these types 




spectrometry, autoradiography may benefit alpha analysis by providing information 
about the activity as well as the spatial distribution of radioactivity in the sample under 
investigation.  The objective for this research was to develop an efficient method for 
quantification and visualization of air filter samples taken in the aftermath of a nuclear 









Pu tracers were 
produced through microprecipitation and assayed by alpha spectroscopy.  The samples 
were subsequently imaged and an activity calibration curve was produced by comparing 
the digital light units recorded from the image to the known activity of the source.  The 
usefulness of different phosphor screens was examined by exposing each type of film to 
the same standard nuclide for varying quantities of time.  Unknown activity samples 




Pu as well 
as air filters doped with beta and alpha emitting nuclides were imaged and activities 
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1.1 Environmental Emergencies and Management 
 
Past nuclear accidents, such as Chernobyl, resulted in a large release of 
radionuclides into the atmosphere.  Environmental discharges of radionuclides have 
occurred through accidents as well as through intentional means.  These incidents and 
the potential for future releases have forced governments to develop procedures and 
methods in order to prepare and handle radiological emergencies. Understanding these 
past situations and how they were handled allows further investigation of 
methodologies in order to improve radiological monitoring and dose assessment which 
can then be applied to future incidents.  Radiological monitoring of the vicinity of the 
site of the incident is vital to assess the exposure levels and doses received by the 
population and workers.  Therefore, it is critical to thoroughly understand the situation 
and risks associated with a particular event in a timely manner in order to properly 
manage the situation.  
1.1.1 The Chernobyl Accident and Environmental Release of Radionuclides 
 
The Chernobyl accident is an example of a large scale accident that resulted in 
the release of massive amounts of radionuclides.  The Chernobyl incident took place in 
April of 1986 at the Chernobyl nuclear power station in the part of the former Soviet 
Union in Ukraine.  The accident was the result of a failed safety test which destroyed the 
reactor and part of the building where the core was housed.  Authorities attempted to 




of the area to assist with these efforts.  “Aerial radiological monitoring was carried out 
by aircraft and helicopters equipped with air samplers and radiation-detection 
instruments,” (UNSCEAR 1988).  The air samples were measured, the analysis results 
were compiled and the total release-rate as well as tentative isotopic release rates for 
individual radionuclides were calculated.  Analysis was also performed on 
environmental samples which includes soil and water samples.  Radioactive gases and 
dust particulates, ranging in size from 1 micrometer to tens of micrometers, were 
released into the atmosphere, carried by 10 m/s air currents,  and dispersed throughout 
Western Europe and the northern hemisphere.  Only 25% of nuclear material was 
released during the first day of the accident and the rest was continuously released over 
a nine-day period, (UNSCEAR 1988).  The radionuclides escaped in the course of the 
explosion of the reactor, burning of the graphite and 2000°C heating of the fuel.  
Authorities received the first results from radiological monitoring the day after the initial 
explosion and prepared a safe evacuation route (UNSCEAR 1988).   With the information 
obtained from the radiological assessment, authorities then divided the surrounding 30-
km radius into 3 zones based off of the measured levels of contamination and possible 
dose.  These zones were used to restrict access to highly contaminated areas as well as 
deem areas habitable and inhabitable.  
1.1.2 Radiological Assessments 
The radiological assessment of the surrounding areas of a nuclear related 
accident is carried out based on risk.  Radiological assessment is defined as “the 




of radionuclides in the biosphere” and is performed to understand transport, 
bioaccumulation, uptake by humans, doses resulting from the uptakes, and an 
estimation of the risk due to the dose (Eisenbud and Gesell 1997).  Identification of 
radionuclides and their chemical and physical properties dictate possible transport and 
accumulation pathways.  Radionuclides can travel through the atmosphere, surface 
water and groundwater.  The exact transport and accumulation pathways depend on 
the specific release and source.  The explosion of a nuclear reactor vs. a nuclear weapon 
will, e.g. result in the release of varying yields of radionuclides into the environment 
along with dissimilar dispersion patterns.  Nuclear releases from past nuclear weapons 
testing above ground have shown that the majority of the radioactive debris was 
injected into the stratosphere.  This type of release deposits radioactive debris into a 
uniform altitude, resulting in a homogenous hemispheric deposition (UNSCEAR 1988).  
“Doses could be assessed on the basis of latitudinal deposition distribution derived from 
a relatively small number of measurements and on the basis of transfer factors inferred 
from measurements in only a few countries,” (UNSCEAR 1988).    Nuclear releases from 
nuclear reactor accidents, such as Chernobyl, have a different set of conditions that 
affect the distribution patterns.  The conditions that specifically influenced the 
disposition of radionuclides for the Chernobyl accident include the fact that the release 
was into the troposphere and took place from a single location at a specific time of year, 
the duration of the release over several days, the large size of the affected region and 




extremely inhomogeneous dispersion of samples that required a comprehensive testing 
of radionuclides throughout the contaminated area.   
During a nuclear emergency, the radioactive debris suspended into the air is 
considered a radioactive cloud or plume.  This cloud can cause an external dose from 
radiation emitted by gamma-emitters in the passing radioactive cloud.  A person can 
also inhale radionuclides if immersed in the radioactive cloud which can lead to an 
internal deposition of radionuclides if the particle is under 10 micrometers in diameter.  
The radioactive cloud should diffuse as a result of meteorological dispersion (Eisenbud 
and Gesell 1997).  However, if there is a constant release of radionuclides, as it 
happened during the Chernobyl accident, meteorological dispersion takes much longer 
than in an accident with only one temporary release.  The radionuclides eventually 
settle to the ground but may be resuspended into the atmosphere through wind and 
other situations, e.g. wild fires. 
1.1.3 Dose 
 
The radiological and biological half-lives affect the amount of time a radionuclide 
will spent in the body, while the type of radioactive decay and amount of energy 
emitted determines the amount of biological damage.  Alpha emitters are of most 
concern when it comes to internal dose because they are the most biologically 
damaging and contribute to a large percentage of the total dose.  Dose is important to 
measure because it depicts the amount of energy deposited into a biological system and 




must be monitored in order to determine the internal dose from radioactive particulate 
matter in the atmosphere.   
 The annual limit of intake (ALI) for inhalation can also be used to determine 
dose.  The ALI is “the quantity of activity of a radionuclide that would lead to the annual 
dose limit if inhaled or ingested by a reference person,” (Cember and Johnson 2009).  
For a worker, one ALI would lead to an effective committed dose equivalent not 
exceeding 50 mSv.  The ALI also limits the annual dose equivalent to any single organ or 
tissue not exceeding 500 mSv (Cember and Johnson 2009). 
1.1.4 Atmospheric Surveillance 
 
The general procedure for atmospheric surveillance of radioactive particulates is 
to “draw air through a filter at a known rate for a known period of time,” (Eisenbud and 
Gesell 1997).  An air sampling system is composed of a source of suction for drawing in 
the sample, a collecting device, which separates the contaminant from the air and a 
metering device for measuring the quantity of air sample (Cember and Johnson 2009). 
For air sampling, filters are used as the collecting device and are normally composed of 
cellulose, glass fiber, membrane, or polystyrene.  Effective filters are determined 
according to intended flow rate, retention, and particle size selectivity, self-absorption 
of the alpha particles by the filter media, compatibility with chemical analysis, and the 
ability to trap dioctylphthalate (DOP) particles with a mean aerodynamic diameter of 0.3 
microm (Eisenbud and Gesell 1997).  A PM10 sampler is used when the primary purpose 
of the air monitoring is to calculate dose to humans.  “A PM10 sampler has a specially 




greater than 10 micron for the airstream before it passes through the filter,” (Eisenbud 
and Gesell 1997).  The filter removes all unrespirable particles and allows collection of 
the PM10 fraction, particles with a diameter of 10 micron and less.  Particles are 
considered unrespirable when they are incapable of reaching the bronchial or 
pulmonary tract (Eisenbud and Gesell 1997).   This allows measurement of the total 
suspended activity as well as of the respirable particle fraction.  Collection of these 
samples can take anywhere from an hour to weeks depending on the air flow rate 
selected. 
Once the air sample is collected, it is analyzed based on the type of radiation in 
question and a general representative sample dose is determined.  To observe specific 
alpha emitting radionuclides and their associated activity levels, the radionuclides are 
removed from the air filter, separated through chemical procedures and analyzed 
individually using alpha spectrometry.  These separation processes typically utilize ion 
exchange or extraction chromatographic resins, are time consuming and can take days 
or weeks to complete.  After separation sources containing the alpha emitting 
radionuclides are prepared for alpha spectrometry.  This process is accomplished 
through microprecipitation, evaporation or electrodeposition.  Microprecipitation is the 
currently favored procedure of the three; however it requires the use of harmful 
chemicals such as hydrofluoric acid (Stock 2007).  The samples are mounted on a 
planchet or a small metallic disk and are then ready for alpha spectrometric 





1.1.5 Hot Particles 
 
Hot particles are small particles (~1mm to several µm) made up of concentrated 
radioactive material (Charles and Harrison 2007).  Hot particles are of significance 
because of their effect on uniformity of the dose field.  The presences of these particles 
result in a large uncertainty of the dose.  Other names for hot particles include ‘fleas’ 
and fuel fragments.  Hot particles commonly seen in the nuclear industry are primarily 
beta/gamma emitters (Charles and Harrison 2007).  There are also hot particles that 
contain alpha emitting radionuclides such as uranium, plutonium, neptunium, 
americium and strontium.  Hot particles increase the risk of high localized dose due to 
possible skin contact, ingestion and inhalation.  They may result in localized ulceration 
of skin or of the mucosal lining of the colon or extra-thoracic airways (Charles and 
Harrison 2007).  The size of the particle dictates the potential hazard of the radioactive 
aerosol.  “Particles with a diameter of more than 50 µm are retained in the nasal cavity 
and nasopharynx, 30-50 µm particles enter the trachea, 10-30 µm particles reach the 
bronchioles and less than 3 µm penetrate to the alveoli,” (Boulyga, et al. 1999).  It is 
important to characterize hot particles in order to predict their fate and transport in the 
environment.  The transuranics that make up the alpha-emitting hot particles not only 
pose a direct threat from a nuclear emergency, but also pose a threat for quite a while 
after the incident has occurred.  This is due to their longer half-lives and the ability to 
resuspend in the atmosphere.  Autoradiography can help researchers understand the 




mapping, determining bioavailability, understanding transportation pathways and 
overall behavior of particles and associated radionuclides in the ecosystem. 
1.2 Alpha Spectrometry 
 
Alpha spectrometry is typically carried out using a silicon charged-particle 
detector.  The planchet with the sample filter is placed in a chamber kept at vacuum.  
The charged particle is emitted and first penetrates the dead layer before entering the 
depletion region of the detector, producing electron-hole pairs in the silicon.  During 
this process, the particle will lose 3.6 eV for every electron-hole pair that is created 
(Knoll 2000).  The charges produced from the creation of the electron-hole pairs are 
collected and generate an electronic pulse that can be read by the counting electronics 
attached to the detector.  This instrument is favored when analyzing for alpha 
radionuclides due to the ability to determine the energy of the alpha emitters and the 
sensitivity to measure even very low levels of radioactivity.  The analysis of low activity 
environmental samples, when applied to alpha spectrometry, requires long count times 
in order to minimize the statistical uncertainty of the net counting rate and to acquire 
an efficient number of counts with a high yield.   
1.3 Autoradiography 
 
It is important to develop methods to improve the analysis of low levels of alpha 
emitting radiation in emergency situations where rapid analysis is much needed.  
Autoradiography, and the properties of phosphor imaging films, may be used as an 
additional method to facilitate and expedite the alpha analysis process in these types of 




spectrometry, autoradiography may benefit alpha analysis by providing information 
about the activity and spatial distribution of the radioactivity in the sample under 
investigation.  Autoradiography is particularly useful method for the identification, 
localization and quantification of hot particles 
1.3.1 Mechanism and Properties of Phosphor Paper 
 
Autoradiography utilizes the mechanism of converting luminescence from 
incoming radiation into a readable image.  This type of luminescence is produced by 
phosphors which “are luminescent materials that emit light when excited by radiation, 
and are usually microcrystalline powders or thin-films designed to produce visible color 
emission,” (Shinde, et al. 2012).  This process only applies to the imaging films that 
contain phosphors.  This process can either be continuous or discrete and controlled by 
adding a defect to the material where the energy from the ionizing radiation is stored 
until a specific process releases the stored energy as visible light.  Phosphors can also be 
doped with a sensitizer to enhance the sensitivity.  A sensitizer is necessary “when the 
activator ions show too weak an absorption, the dopant will absorb the energy and 
subsequently transfer the energy to the activators,” (Shinde, et al. 2012).  “Storage 
phosphor properties have been observed in hundreds of different materials, which 
consist of a host composition plus an activator (Barker, Johnston and Pickett 1990).  The 
activator is a defect purposely included to generate “lattice phonon perturbations” 
which results in the emission of electromagnetic radiation (Shinde, et al. 2012) .  It is 




The notation used for phosphor material is denoted by: MaYOb:Nx , where M is 
the cation, YO is the anion, and N is the activator (Shinde, et al. 2012).  “In the host 
lattice with the activator, the activator is directly excited by incoming energy; the 
electron on it absorbs energy and is raised to an excited state.  The excited state returns 
to the ground state by emission of radiation,” (Shinde, et al. 2012).  
The storage phosphors that are most commonly used are europium-doped 
barium fluorohalide crystals, BaFX:Eu
2+
, where X can be chlorine, bromine, or iodine, 
(Weiser 1997).  Rare earth ions are commonly used as activator ions because their 
“emission at spectral positions are hardly influenced by their chemical environment,” 
(Shinde, et al. 2012).  Bromine has been the halide of choice due to the broad 
photoabsorption peak of the barium fluorobromide (BaFBr) crystal.  The 
photoabsorption peak is easily matched to the emission wavelength of HeNe lasers as 
well as solid state lasers used to scan the imaging plate, (Weiser 1997).  In the phosphor 
material mentioned above, Barium is the cation, Fluoride and Bromide are the anions 
and Eu
2+
 is the activator.  Commercially available imaging plates are approximately 0.5 
mm in thickness composed of a flexible plastic plate coated with fine photostimulable 
phosphor crystals of BaFBr:Eu
2+
 in an organic binder,” (Amemiya and Miyahara 1988).  





.  The newly released electrons travel to the conduction bands of the 
phosphor crystals where they become trapped in bromine vacancies, forming temporary 
color centers termed F-centers (Amemiya and Miyahara 1988).  The BaFBr
-
 complex 




room temperature, the screen thus activated stores the X-ray image for several hours” 
(Salis 2003).  Exposure to visible light from a helium-neon laser (633 nm), releases the 
trapped electrons from the bromine vacancies in the lattice back to the conduction 




ions.  The excited Eu
+2*
 
returns to ground state releasing a photon at 390 nm.  The wavelength of the 
photostimulated luminescence (PSL) (~390 nm) is reasonably separated from that of the 
stimulating light (632.8 nm), allowing it to be collected by a conventional high-quantum 
efficiency photomultiplier tube (PMT).  The output of the PMT is logarithmically 
amplified and converted to a digital image using an analog-to-digital converter (ADC) 
(Amemiya and Miyahara 1988). 
 
Incoming red light from   Eu
3+
  is reduced to Eu
2+*
 
scanner releases stored   
electrons  (~600 nm)        
          
 
  




 returns to ground       
state by emitting a blue light   
to PMT (390 nm) 





     
Incoming Radiation (α,β or γ) liberates electron, 
     oxidizing Eu
2+








The purpose of the PMT is to convert and amplify the light emitted from the 
deexcitiation of Eu
2+
 into a “usable current pulse without adding a large amount of 
random noise to the signal,” (Knoll 2000).  The PMT is successful in amplifying light due 
to its sensitivity in this region of the electromagnetic spectrum.  A PMT consists of a 
photocathode, an electron multiplier and an anode enclosed in a vacuum.  When the 
incident light hits the photocathode, the light is converted into electrons.  The 
photocathode absorbs the incident photon and transfers the energy to an electron 
within the photoemissive material.  “The energy that can be transferred from the 
photon to an electron is given by the quantum energy of the photon,” (Knoll 2000).  The 
electron may lose some energy due to electron-electron collisions in the migration 
process (Knoll 2000).  The photoelectron then travels through the remainder of the 
photocathode material, and if the electron has sufficient energy left to overcome the 
potential barrier that exists between the material and the vacuum, it will escape from 
the surface of the photocathode and travel to the first dynode where it produces 
electrons.  The electrons are then guided by interdynode voltage through the multiplier 
to the next dynode where more electrons are produced.  This is repeated until all 
dynode stages in the electron multiplier have been completed and the amplified 
electrons are then collected on the anode and the output is digitally converted into an 
image. 







Early experiments involving films and exploiting their emulsion properties led to 
the discovery of radioactivity and radioactive materials.  This was first observed using 
plates made of silver halides as a recording medium.  In 1842 Moser had shown that 
exposing different non-metallic substances to the silver halide plates produced a 
developable image without the use of light.  Niepce de Saint-Victor had imaged nitrate 
and tartrate of uranium on silver chloride and iodide plates.  He found that these 
materials left a foggy image on the plates.    Niepce de Saint-Victor placed thin sheets of 
different colored paper in between the materials and the plates and managed to still 
produce the foggy images on the plates.  These were the first experiments where 
radioactivity was observed through blackening of the medium that lead to the 
production of an image, but it was originally attributed to the luminescence 
phenomena.  Radioactivity was not discovered until 30 years later, when Henri 
Becquerel mimicked Niepce de Saint-Victor experiments in 1896 to understand if the 
fluorescence mechanism could be reversed.  “Becquerel reasoned that, if x-rays make a 
fluorescent substance shine in the dark, the process may be reversible, and during its 
subsequent luminescence, the phosphor may also emit invisible penetrating rays 
capable of photographic detection,” (Yagoda 1949).  Becquerel exposed, in direct 
sunlight, uranyl sulfate to Lumiere gelatin-silver bromide plates for 24 hours with two 
pieces of black paper in between the material and the plates.  He believed that the 
sunlight was activating the fluorescence properties of the uranyl sulfate.  He repeated 
the experiment in complete darkness and let the plates expose for a week and still 




radiation was a function of the uranium content of the compound, entirely unrelated to 
its fluorescing properties, and that the radiations were also capable of discharging an 
electroscope,” (Yagoda 1949).  These discoveries lead to an increase in studies using the 
films on different materials which resulted in the identification of radioactive elements 
such as radium in pitchblende as well as thorium compounds.  Scientist also observed 
that this was a localized phenomenon.  They noticed that “placing a polished surface of 
the mineral or rock in contact with the emulsion restricted the blackening to the 
immediate vicinity of the radioactive inclusions and termed this an “autoradiograph” of 
the section,” (Yagoda 1949).  Over the years scientists have used autoradiographs to 
further investigate and understand radiation. 
X-ray film was first used as the image recording medium.  It wasn’t until 1975 
that Gorge Luckey patented the technology for the use of phosphor imaging screens as a 
more sensitive image recording medium.  Luckey had patented technology which 
included a general method for displaying and reading the latent image produced 
through autoradiography and screens by scanning the phosphor image with a helium-
neon laser and storing the information digitally (Barker, Johnston and Pickett 1990).  
Storage phosphor technology proved to be more advantageous than X-ray film.  
“Phosphor screens have a much longer linear dynamic range, improved response to 
isotopes for much shorter exposure times, the ability to be erased and used 1000 times 
and the convenience of scanning and obtaining data without developing chemicals,” 
(Raccio and Upham 2001).  Since the introduction of photostimulable storage phosphor 




1.4.2 Current Uses 
 
  Autoradiography has been a tool in understanding biological applications in gels 
and blots and to visualize distribution patterns.  It also has provided “precise and 
sensitive information about protein metabolism, gene expression and nucleic acid 
sequences,” (Barker, Johnston and Pickett 1990).  The use of autoradiography is not 
limited to biological applications and has proved important in forensic applications, 
biotechnology and clinical medicine (Barker, Johnston and Pickett 1990).  
Autoradiography is primarily used to determine distribution of radioactivity in samples.  
There are ongoing studies investigating the quantification of radioactive materials using 
autoradiography.  The renewed interest in autoradiography is primarily due to the short 
exposure times required, the ability to detect small amounts of activity and the 
capability to visualize radioactivity distributions. 
1.4.3 Recent Studies 
 
Recent studies using autoradiography and imaging plates (IP) focus on 
developing methods for the quantification and identification of radioactivity.  Different 
films, scanners and analytic software have been used.  Conditions such as fading, 
temperature, background effects on the IP have also been studied.   
Mori and Matsumura examined the sensitivity of the IPs to alpha radiation.  Pu 
particles captured on filter paper were wrapped in four sheets of Mylar film and 
exposed.  They proved that alpha particles can be detected on the phosphor film.  They 




verified that alphas from Pu particles can be detected without influence from Rn 
daughters (Mori and Matsumura 1992).   
Mori et al. developed the several sheets lamination method and the several 
times successive read-out method to estimate the radionuclide species in a single 
exposure.  The samples imaged were slightly contaminated floor surface, lab-wear, lab-









Am).  Mori et al. first demonstrated that the average 
PSL intensity per single radiation incident at an exposure time is different for different 
radiations.  The several sheets lamination method involves exposing an unknown source 
and calibration sources to five sheets of IP for one exposure.  The several times 
successive readout method allows a single IP to be read by the scanner several times 
after exposure.  Applying these two methods, and taking into account fading, to a single 
exposure allowed the authors to estimate the radionuclide species and its activity (C. 
Mori, et al. 1994).  
In another study, Zhang et al. developed a new method to measure airborne 
radon progeny from air filters using imaging plates.  The Fuji brand BAS-MS film was 
used and the films were analyzed using the Fuji bio-imaging analyzer BAS-2500.  Filters 
containing 
222
Rn progeny were imaged with a 0.5mm spacer placed between the film 
and the filter.  Three-time exposures were taken at intervals of 2-5, 6-20 and 21-30 
minutes.  The alpha spots on the films were counted and corrected for self-absorption, 












of radon measured by the imaging plates are in well agreement with the results 
measured using the alpha spectrometer, the largest relative deviation being only 17%,” 
(Zhang, et al. 2012).  The authors also determined the lower limit of detection and using 
a 95 % confidence interval of the equilibrium-equivalent concentrations and established 
that the LLD (~3.5 Bq m
-3
) for the imaging plates is similar to that of the semiconductor 
detector.  The authors concluded that this new technique can be used for determining 
accurate measurements of airborne 
222
Rn progeny concentrations and this method can 
be used for simultaneous measurements of several samples (Zhang, et al. 2012).   
 Koarashi et al. developed a new method using autoradiography for the 
identification and quantification of Pu particles on filter samples.  This study was carried 
out using Fuji BAS-SR2025 imaging plates, Fuji BAS2500 and BAS-5000 imaging 
analyzers.   The method was initially developed using a Pu filter and subsequently 
applied to a radon filter. The Pu filter sample was gathered from a Pu-treatment facility.  
The filter was wrapped in Mylar film and exposed to the imaging plates with various 
exposure times ranging from 3 to 90 minutes.  The films were scanned 3 hours after 
exposure.  The PSL of the Pu filter was compared to a radon filter in order to identify 
alpha-induced signals.  The Radon filter was also wrapped with Mylar, exposed for 10 
and 20 minutes and immediately scanned.  Alpha-induced signals were recognized by a 
cluster composed of a center pixel surrounded by some PSL-elevated pixels.  The alpha-
induced signals were identified using a computer.  The highest PSL intensity was 
recognized in the incident cluster as the center pixel and the difference of the PSL 




decay products.  The PSL intensities were normalized to the pixel area of the radon 
induced cluster and termed square-PSL.  Pu induced pixel clusters were identified using 
the square-PSL intensity of 4.0 PSL as an empirical Pu-discrimination level (Koarsashi, et 
al. 2007).  The activities were quantified by graphing the Pu activity x exposure time 
versus the square-PSL intensity and determining a linear relationship.  The authors 
“demonstrated that this method could successfully identify and localize individual Pu 
particles,” (Koarsashi, et al. 2007).   
Takasaki et al. developed a method to evaluate Pu on air filters.  The IP BAS-
MS2325 Fujifilm and BAS-1800II reader were used.  Filters containing plutonium induced 
spots were imaged and analyzed using both histograms of PSL intensity of background 
radiation and cluster size detected on the PSL image.  Activities were determined from 
the sum of PSL intensities.  Takasaki et al. showed that there exists a good relationship 
between the radioactivities derived from the above method and the radioactivities 
measured with a radiation counter using the least-square fitting.  They noted that 
measurable level of radioactivity decreases with exposure time for the spot of the same 
PSL intensity (Takasaki, et al. 2011).   
A study was conducted by Zeissler et al. that examined Fukushima aerosols using 
autoradiography.  They created a method using autoradiography and gamma 
spectrometry to perform activity distribution analysis for particulate samples (Zeissler, 
Forsley, et al. 2013).  The method was applied to aerosols that had been collected in 
Fukushima Japan 6 weeks after the 2011 Tsunami.  Aerosols were removed from air 




Mylar film and pressed against an IP with a foam pad within an exposure cassette.  TR 
phosphor plates and the BAS-500 laser scanner were used.  The activity levels of the 
particles were determined by gamma spectrometry and a calibration curve was 
produced relating autoradiography results to activity.  The analytic software, Image 
Gauge version 3.46, localized radioisotope emissions and classified them on their PSL 
value as either alpha or beta.  Hot particles were recognized by spatial clusters of counts 
recorded on the IP.  PSL values of the hot particles were summed for a circular area and 
background was subtracted.  The total intensity was calculated and converted to true 
activity using an intensity to activity calibration curve.  The particle diameter was 
calculated for each hot particle using specific activity.  In conclusion, the authors 
recommend this method to be applied to general environmental, radiotoxicological and 
similar studies for which activity distribution and particle chemistry are of importance 
(Zeissler, Forsley, et al. 2013).  
1.4.4 Common Algorithms 
 
Chen and Zhou simultaneously tested the four most commonly used algorithms 
proposed for discriminating and counting alpha signals using the spot counting method.  
The linearity response, the discrimination capability of alpha signals from beta signal 
and the detection uncertainty were compared.  The Fuji BAS-MS imaging plate and BAS 
2500 imaging reader were used.  The algorithms tested differed from the size selections 
of ROI.  Chen and Zhou showed that the algorithm using a larger size of ROI had higher 




is worse and that using an algorithm with too small size of ROI may fail to completely 
cover some alpha signals (Chen and Zhuo 2012). 
1.4.5 Background and Fading Effects 
 
Zeissler et al. investigated background radiation and its effects on beta and alpha 
imaging.  A mixed alpha source and beta sources were imaged (<2h) and scanned an 
hour after imaging to allow fading to stabilize.  Fading is defined as the loss of stimulable 
fluorescence in the phosphor as a function of temperature and time after the irradiation 
and the fading rate is different for each type of film.  “In all cases, fading is initially steep 
within the first few minutes of irradiation and tends to stabilize as the time since the 
irradiation increases,” (Zeissler and Lindstrom, Spectral Measurements of Imaging Plate 
Backgrounds, Alpha-particles and Beta-particles 2010).  Fading is of more importance for 
short (<2h) exposures than long exposures.  In conclusion, background and spectral 
measurements of individual counts both increase linearly with time in a predictable 
fashion.  The alpha and beta images were differentiable from the background however; 
Alpha activity measurements were less affected by background interferences than beta 
measurements. 
Ohuchi and Yamadera investigated fading using the Fujifilm BAS-UR and BAS-TR 
films and exposing them to a 
244
Cm source.  Storage temperatures ranging from 0°C to 
60°C for time periods of 0.03 to 500 hours after irradiation were studied.  Fading curves 
were generated by applying Arrhenius’ equation to the experimental results.  The 
experimental data “supports the conclusion that the thermal excitation process is 




independent of the type of incident particle,” (Ohuchi and Yamadera 2002).  The fading 
is also dependent on the temperature after irradiation and independent of the storage 
temperature before or during irradiation.  The authors proposed a new fading equation 
for each film that incorporates elapsed time and absolute temperature.     
Chen et al. performed a study that examined the behavior of alpha-spot counts 
and fading characteristics in the IP.   The Fujifilm BAS-MS and BAS-2500 analyzer were 
used.  Two 
241
Am sources were imaged in an incubator where temperature was varied.  
The images were analyzed using the self-developed software (Multi Guage ver. 3.1, Fuji 
Film Co, Ltd.) which automatically calculated the PSL values and the counts of the alpha 
spots (Chen, Zhuo and Kong 2011). The effect of fading with elapsed time was measured 
by scanning the exposures at various times after irradiation.  Fading curves were created 
and the alpha spots in the IP were expected to be the same as that of the PSL values and 
another curve was generated that related fading of the alpha spots and time.  The 
results showed that the fading correction functions could be successfully used for the 
accurate quantification of alpha radiation and was more accurate than the traditional 
PSL method when applied to the spot count method (Chen, Zhuo and Kong 2011).  
1.5 Scope of Work to be Performed 
 
The objective for this research is to develop an efficient nondestructive method 
for quantification and visualization of air filter samples taken in the aftermath of a 
nuclear emergency through autoradiography.  The radionuclides of interest are alpha 
emitting radionuclides of Am and Pu.  These nuclides have been released during past 









Am, will be used for the experiments.  Samples containing varying activities of 
either of the two nuclides will be produced through microprecipitation and assayed by 
alpha spectroscopy.  The samples will be imaged and an activity calibration curve will be 
produced.  There are three different types of phosphor films that have been categorized 
due to their sensitivity to detect varying activities of beta emitters.  The usefulness of 
these phosphor films will be examined by exposing each type of film to the same 
standard nuclide for varying quantities of time.  All three phosphor films will be used to 
create the activity calibration curve.  Unknown activity samples created through 
microprecipiation and air filters doped with the single nuclide of interest will be imaged 


















MATERIALS AND METHODOLOGY 
 
2.1 Materials  
A list of materials used can be found in Appendix I.   
2.2 Sample Preparation 
 
2.2.1 Filtration Apparatus 
 
The Millipore 1225 sampling manifold was used to filter the samples.  This 
manifold allows twelve samples to be produced simultaneously.  The manifold is 
composed of glass-filled polypropylene plates, chamber, valve, test tube rack, support 
screens, a plug and a stainless steel bolt.  50 mL centrifuge tubes are placed in the 
custom-made test tube rack located in the chamber.  The support plate, containing the 
support screens, is then positioned on top of the chamber.  Resolve filters purchased 
from Eichrom Technologies, Inc. were used for source preparation.  These filters are 
made of polypropylene, have a pore size of 0.1 micron and a diameter of 25 mm.  The 
filters are placed on the support screens and the top plate is placed on top of the 
support plate.  The nut is then screwed onto the stainless steel bolt, locking the 
manifold into position, and the manifold valve is connected to a vacuum pump.  Figure 2 









The Cerium Fluoride microprecipitation procedure was used to create the 




Pu) in either nitric 
or hydrochloric acid was pipetted into 50 mL centrifuge tubes.  0.1 mL of cerium carrier 
(cerium(III) nitrate hexahydrate, Ce(NO3)3 6H2O, at a concentration of 0.00155g mL
-1
)  
and 1 mL of concentrated (28 M) hydrofluoric acid was added to each centrifuge tube, 
the tubes were then swirled and allowed to sit for 30 minutes.  During the 30 minutes, 
the filtration manifold was assembled and checked for leaks by adding drops of 80% 
ethanol, to open filter pores, followed by deionized water while applying vacuum.  The 
solution for each tube was poured onto a specific sampling plate and allowed to filter.  
The tubes were then rinsed with deionized water and also added to the sampling cup 




ethanol.  The filters were removed from the manifold using tweezers, placed in petri 
dishes and allowed to dry under a heating (IR) lamp.  The dry filters were mounted on 
stainless steel planchets using double sided tape and counted by alpha spectrometry.  
Samples of 
241
Am with activities of 0.1Bq, 1Bq, 10 Bq, 160 Bq and 232 Bq were 
produced.  Samples of 
239
Pu with activities of 0.1Bq, 1Bq, 10 Bq, 114 Bq and 222 Bq 
were produced.  Samples of unknown activity were fabricated by a fellow student using 
the same procedure. 
2.3 Alpha Spectrometry 
 
2.3.1 Apparatus  
 
The Canberra Alpha Spectrometry System and the Oxford Oasis Alpha 
Spectrometry System were both used to determine the activity of the samples.  These 
systems utilize 8 counting chambers equipped with Passivated Implanted Planar Silicone 
(PIPS) detectors with an active volume of 450 mm
2
.  The Oxford and Canberra systems 
are connected to a two stage vacuum pump.  An energy efficiency was first applied to 







Efficiency for each chamber was determined using an electrodeposited 
241
Am source 
with an activity of 0.005 µCi.  The efficiency was adjusted using the DETEFCAL program 
developed by Prof. Bill Burnett at Florida State University.  The DETEFCAL program 
accounts for the difference between the active area of the standard and the active area 
of the samples.   





The background for each chamber was counted before the samples were 
measured and the background in the region of interest was subsequently subtracted 
from the sample count.  The samples were placed on the fifth shelf down, 10 mm from 
the detector, in the Oasis model and the fourth shelf down, 15 mm from the detector, in 
the Canberra model.  Each sample was counted for a time that corresponded to a 
minimum of 10,000 counts under the peak, which allowed for a 1% or less counting 





The Perkin Elmer Cyclone Plus storage phosphor system and OptiQuant image 
analysis software were used to assay the autoradiograph.  The autoradiograph is 
created in an exposure cassette when the phosphor film is subjected to a radioactive 
sample.  The exposure cassette holds the sample and phosphor screen tightly together 
during the exposure process (Perkin Elmer Inc 2006).  The phosphor film is then inserted 
in the Cyclone Plus system.  The Cyclone Plus system is composed of a carousel which 
holds the film in place, a scanner and a photomultiplier tube (PMT) in the scanning 
chamber.  The novel helical scanning mechanism rotates the screen past the laser and 
optics at a constant speed of 360 revolutions per minute (Perkin Elmer Inc 2006).  The 
scanning laser is a high performance solid state red laser and is focused to less than 50 
μm (Perkin Elmer Inc 2006).  The light emitted from the phosphor crystals is collected by 
the confocal light collection optics which allows for optimal light captured.  The PMT 




16-bit analog to digital converter which allows for image analysis by the OptiQuant 
software.  The available resolutions include:   150 dpi (170 micron pixels), 200 dpi 
(127micron pixels), 300 dpi (85 micron pixels), and 600 dpi (42 micron pixels) (Perkin 
Elmer Inc 2006).  The scanning process takes three to ten minutes to complete.   
2.4.2 General Method 
 
The screens were erased prior to use with an eraser box in a dark room. The 
eraser box emits white light and filters out UV light.  When the eraser box is in contact 
with the films, the white light allows the phosphor crystals to release any energy that 
had been stored.  The sources were placed in the exposure cassette in direct contact 
with the phosphor screen.  The screens were allowed to expose for an appropriate 
amount of time.  The screens were removed and immediately clipped into the scanning 
carousel and inserted in the Cyclone Plus Storage Phosphor System to scan.  The images 
were scanned and assayed using the OptiQuant image analysis software.  Figure 3 shows 
the general method for film exposure.  The image on the left shows the phosphor film in 
direct contact with the eraser box.  The middle image shows the exposure cassette 
closed and in a locked position, exposing the film to the radioactive sample inside.  The 
far right image shows the carousal being loaded into the Cyclone Plus system. 
 
                                           




2.5 Film Studies 
 
Properties of the MultiSensitive (MS),   Super Resolution (SR) and the Tritium 
Sensitive (TR) Screen will be investigated.  The MS screen is highly sensitive with a high 
resolution.  It possesses a moisture proof coating which can absorb some of the energy 
from radioactive disintegrations; therefore it is recommended to be used only with 
isotopes that have energies at least as high as 
14
C (Perkin Elmer Inc 2006).  The SR 
screen is composed of the finest grade of BaFBR:Eu
2+
 crystals.  The fine crystals result in 
a higher resolution.  The TR screens do not have the protective coating which allows the 
screen to detect very low beta emissions from 
3
H.  These screens cannot be cleaned 
once they are contaminated and because of this, quantification cannot be guaranteed 
when the film is reused (Perkin Elmer Inc 2006).  
A reproducibility experiment was done to verify that the films react consistently 
with each exposure.  The screens were exposed to an electrodeposited 
241
Am source 
(0.005 µCi) five times for 30 minute time intervals.  A 25 mm diameter region of interest 
encompassing the active area was examined using the OptiQuant software.  The films 
were then analyzed by exposing each film to the same electrodeposited 
241
Am source 
for time intervals of 2, 4, 6 and 8 hours.  This was performed three times.  The 
background was determined by taking four other measurements with the same 
diameter of 25 mm from the scanned film.  Figure 4 shows the electrodeposited 
241
Am 






Figure 4 Film study setup 
 
2.6 Activity Calibration Curve 
 
An activity calibration curve was generated by imaging samples produced 




Pu.  In addition 




Pu were imaged alongside the known 
samples.  Figure 5 shows the sample placement in the exposure cassette with the 
samples of increasing activity on the left and the unknowns on the right.  The MS, SR 
and TR films were all used in this study.  The films were allowed to expose for fifteen 
minutes and then scanned at 300 DPI.  A region of interest with a diameter of 25 mm 
was applied to each sample and plotted and an activity calibration curve was generated.  
The activities of the unknown samples were determined from the activity calibration 
curve.  The unknown activities were verified through alpha spectrometry.  Background 
was determined by running this procedure without any sources and then using 
coordinates of the film exposed to the sources to determine the DLUs in the ROI for the 






Figure 5 Calibration curve sample setup 
 
2.7 Air Filter Analysis 
 The air filters used in this study contain beta and alpha emitting radionuclides.  
They were doped by the Department of Energy for the Mixed Analyte Performance 
Evaluation Program (MAPEP).  The air filters are 47 mm in diameter and composed of 




Sr with a gross 
alpha activity of 0.659 ±0.007 Bq and gross beta activity of 1.32 ±0.02 Bq.   The air filter 
labeled Air Filter 2 is doped with 
90
Sr and contains gross beta activity of 0.5 ±0.01 Bq.   
The air filters were imaged alongside the 
239
Pu samples of 0.1 Bq and 1 Bq for 24 hours 
on the SR films.  Background was determined using 25 and 47 mm ROIs.  The measured 
background was then subtracted from the imaged ROIs.  A Pu calibration curve was 










3.1 Sample Preparation 
 
3.1.1 Alpha Spectrometry and Detector Efficiency 
 
 The efficiency for each chamber was determined using an electrodeposited 
241
Am source with an activity of 0.005 µCi.  The source was placed on the appropriate 
shelf in the vacuum chamber and counted for 15 min.  The efficiency was calculated 
using the following equation. 
Efficiency = Counts/ (Time Counted x Activity)                       (1) 
   
Where:  
 Counts = Area under the Am-241 peak 
 Time Counted = 15 minutes 
 Activity = 0.005 µC 
The efficiency was corrected using the DETEFCAL program.  This program 
converts the efficiency from the geometry of the active area from the Am-241 
electroplated source to the geometry of the active area of the samples prepared 
through microprecipitation.  The diameter of the active area of the Am-241 standard 
was determined using the autoradiography analysis software to be 25 mm.  The 
diameter of the active area on the samples created through microprecipitation is 20 
mm.  The parameters entered in the program and the efficiencies determined from the 
program are listed in Table 1 where the distance is the distance between the source and 




Table 1 DETEFCAL Parameters and Results 
DETEFCAL Parameters and Results 
Detector Name Oxford Oasis Canberra  
Number of Counts 10,000 10,000 






Efficiency (d=20 mm) 15.28% 9.39% 
Efficiency (d=25 mm) 13.62% 8.72% 
Ratio of Efficiencies 0.891 0.929 
 
The ratio was calculated using the following equation. 
 
Ratio of Efficiencies =   Efficiency when d=25mm     (2) 
Efficiency when d=20 mm 
  
The ratio was used to correct the efficiency for each chamber by dividing the measured 
efficiency by the associated ratio.  The chamber efficiencies and adjusted efficiencies are 
listed in Tables 2 and 3.  The corrected efficiencies are larger than the original 
efficiencies.  The Canberra detector has efficiencies around 8% while the Oxford 














Table 2 Canberra Detector Efficiencies 
 
Chamber Counts Efficiency Corrected Efficiency 
3A 13375 0.0803 0.0864 
3B 13753 0.0826 0.0889 
4A 13229 0.0794 0.0855 
4B 13219 0.0793 0.0854 
 
 
Table 3 Oxford Oasis Detector Efficiencies 
Chamber Counts Efficiency Corrected Efficiency 
1 16799 0.1089 0.1132 
2 17758 0.1067 0.1197 
3 16816 0.1009 0.1133 
4 15986 0.0960 0.1077 
5 17471 0.1049 0.1177 
6 16266 0.0976 0.1096 
7 15699 0.0942 0.1058 
     
Ten samples were created through microprecipitation and assayed using alpha 
spectrometry.  The corrected efficiencies were applied.  Samples labeled 1-5 contained 
241
Am and samples labeled 6-10 consisted of 
239
Pu.  The sample activities were 
calculated using equation 3.   The samples and activities for 
241
Am are listed in Table 4 
and the values for 
239
Pu are listed in Table 5. 





Table 4 Americium Sample Activities 
Sample Number Activity (Bq) 
1 0.14  ± 0.008 
2 1.3  ± 0.06 
3 11  ± 0.7 
4 160  ± 7.3 
5 232  ± 9.7 
 
Table 5 Plutonium Sample Activities 
Sample Number Activity (Bq) 
6 0.10 ± 0.002 
7 1.0 ± 0.03 
8 10 ± 0.3 
9 115 ± 7.4 
10 222 ± 6.6 
 
3.2 Film Studies 
 
A region with a diameter of 25 mm, containing the sample of interest, was 
examined.  The image was scanned at 300 dpi which corresponds to 85 mm pixels.  
Digital light units (DLUs) within the region of interest (ROI) were calculated and included 
in a report generated by the OptiQuant software.   The DLUs reported are the sum of 






Results for the reproducibility experiments are in Table 6 and show consistent 
measurements with each 30 minute exposure for all films.  The SR film averaged around 
3.6x10
7
 ± 5% DLUs, the MS film averaged at 3.1x10
7
 ± 5% DLUs and the TR film averaged 
5.4x10
7 
±4% DLUs.  This test shows that the SR film is more sensitive to the 0.005 µCi 
Am-241 standard than the MS film and the TR film is the most sensitive with the least 
deviation.   
Table 6 Reproducibility 30 Minute Exposures DLUs 
Film Run1 Run2 Run3 Run4 Run5 Average Error 
SR 35,353,474 39,681,013 35,353,474 36,850,624 35,213,443 36,490,406 5% 
MS 29,992,565 33,288,519 29,909,860 30,393,189 32,067,397 31,130,306 5% 
TR 54,967,943 52,680,324 57,195,723 52,718,635 56,773,485 54,867,222 4% 
 
3.2.2 Film Comparison 
 
The DLUs for each film increased with longer exposure times.  Figure 6 shows a 
comparison of the average background DLUs.  The TR film showed the lowest 
background but had the highest DLUs for the Am-241 standard.  The MS film had the 
highest DLU background averages.  Figure 7 shows a comparison of the average DLU 
measurements of the Am-241 electroplated standard.  The DLUs for the Am-241 
standard were similar for the SR and MS film.  The TR film had the highest DLU 
measurements for each exposure time.  The error is largest at shorter exposures times 









2 4 6 8









Figure 6 Average DLU measurements of background taken at 2, 4, 6 and 8 hours using 










2 4 6 8









Figure 7 Average DLU measurements of the Am-241 electrodeposited standard (0.005 
µCi ) taken at 2, 4, 6 and 8 hours using the Tritium Sensitive (TR), Super Resolution (SR) 







Figure 8 Am-241 standard (0.005 µCi) imaged on TR film at 2, 4, 6 and 8 hours in black 




Figure 9 Am-241 standard (0.005 µCi) imaged on MS film at 2, 4, 6 and 8 hours in black 






Figure 10 Am-241 standard (0.005 µCi) imaged on SR film at 2, 4, 6 and 8 hours in black 




 Figures 8-10 show the images of the Am-241 standard electrodeposited discs.  
The far left corresponds to a 2 hour exposure and the far right is from 8 hour exposures.  
The top images are in black and white, while the bottom images are in color.  The 
coloring and darkening of the images were set by default by the analysis software.  The 
software produces a histogram of the pixels in the image.  This is done by defining the 
distribution of the pixels as a function of the intensity.  “The range of pixel intensity to 
be displayed on the computer screen is chosen automatically to include most of the 
distribution, ignoring a small fraction of the pixels at the extremes of the distribution,” 
(Perkin Elmer Inc 2006).  The red coloring represents the highest intensities and the blue 
represents the lowest.  This can be adjusted by the user. 
3.3 Activity Calibration Curve 
 
The calibration curves were prepared using the KaleidaGraph software.  The data 
sets for each image were graphed and a linear regression equation was calculated by 
the software using the least squares method.  The linear regression equations are also 
referred to as the calibration curve equations.  The activities of the unknown samples 
were determined using the calibration curve equations from each exposure data set and 
then averaged.  Figures 11 and 12 show the autoradiography images used for the 
calibration curve exposures for Am-241 and Pu-239 as well as the selected ROIs on the 
TR and SR films.  The DLUs for each ROI is labeled on the top right of each ROI.  Figures 
13-18 show the graphs for each exposure, the calibration curve equations and the 






Figure 11 Calibration curve image of Pu samples by TR film.  Highest activity of Pu 
samples on the top far left.  The unknowns are on the bottom starting on the left in the 





Figure 12 Calibration curve image of Am samples by SR film. Highest activity of Am 
samples on the top far left.  The unknowns are on the bottom starting on the left in the 
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y = 13378 + 1.1805e+5x   R= 0.99998 
y = 22641 + 1.2138e+5x   R= 0.99987 
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y = 35865 + 1.1949e+5x   R= 0.9998 





Figure 13 Calibration curves for 
241
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Figure 14 Calibration curves for 
241
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Figure 15 Calibration curves for 
241
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Figure 16 Calibration curves for 
239
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Figure 17 Calibration curves for 
239
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Figure 18 Calibration curves for 
239




3.4 Calculation of Unknown Activities 
 
The average activities calculated using the calibration curves are shown in Table 
7.  Both isotopes exhibit larger error with higher activity except for the TR film and 
241
Am.  The actual activities in Bq for the Unknown samples are 150 ± 5, 184 ± 6, 92 ± 3, 
22 ± 0.3, 48 ± 0.7 and 134 ± 1.9.  All three films successfully calculated the unknown 
activities except for Unknown 4 and the MS film.   
Table 7 Average Activities (Bq) from Calibration Curve Equations Calculated Average 
Activities (Bq) from Calibration Curves 
Isotope 
 




Am Unknown 1 149.8 ± 48.1 161.7 ± 18.6 161.7 ± 17.0 150 ± 5 
 
Unknown 2 182.6 ± 52.9 201.3 ± 20.3 202.8 ± 14.7 184 ± 6 
 
Unknown 3 78.9 ± 17.2 95.8 ± 3.2 98.0 ± 2.9 92 ± 3 
239
Pu Unknown 4 22.7  ± 3.3 25.4 ± 3.6 25.1 ± 1.6 22 ± 0.3 
 Unknown 5 49.3 ± 6.3 50.2 ± 4.3 50.4 ± 2.0 48 ± 0.7 
 Unknown 6 132.9 ± 11.3 137.4 ± 3.8 139.8 ± 3.1 134 ± 1.9 
 
3.5 Air Filter Analysis 
 
 The calibration curves were generated using the DLUs from the exposures of the 
0.1 and 1 Bq 
239
Pu samples.  Figure 19 shows the image of the air filters and the 
239
Pu 
samples.  Air filter 1 is on the top left followed by Air Filter 2.  The bottom left is 1 Bq 
and the bottom right is the 0.1 Bq 
239
Pu.  The activity calibration curves were used to 




The calculated average activity for Air Filter 1 is 0.348 ± 0.006 Bq.  For Air Filter 2 an 
activity of 0.132 ± 0.002 Bq was obtained.   
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The reproducibility exposures proved that the films respond similarly with each 
exposure.  This shows that the number of DLUs corresponds reliably to the activity of 
the sample of interest.  The number of DLUs is also a function of the film.  This relates to 
the sensitivity and resolution of the films.  The MS film showed the smallest DLU value 
while the TR had the highest.  The DLUs of the MS film were slightly smaller than that of 
the SR film while the TR film was about two times greater than that of the MS film.  The 
high DLUs of the TR film may be due to the lack of protective coating on the TR film.  The 
protective layer on the SR and MS films may provide shielding and attenuate the 
radiation from interacting with the film or scanner.   
 4.1.2 Film Comparison   
 
The film studies showed that the number of DLUs in the ROI is also a function of 
the exposure time.  The DLUs increased linearly with time.  The TR film exhibited the 
highest number of DLUs for each exposure while the MS film had the smallest number 
of DLUs.  Each two hour increase of time increased the average amount of DLUs by 
about 1.0x10
5 
DLUs.   The TR film has the highest error at two hours, it subsequently 




and four hours and then decreases linearly with time.  The MS film shows no pattern 
with regards to the error.   
The MS film has the highest background DLUs while the TR film has the smallest.  
The MS background increased the steepest with time.  The background accounts for 
about 0.1% of the total DLUs for the 0.005 µCi 
241
Am electrodeposited standard.  
Therefore, the background can be neglected at this activity.   
The coloring of the images by the analysis software is a reflection of pixel 
intensities.  Figure 21 is a profile view of the Am electroplated standard imaged from 2-8 
hours.  This image shows the number of DLUs for each exposure.  The higher intensities 
are on the outer edges of the images while the lower intensities are in the middle.  The 
difference in intensities may be due to the number of interactions in the area.   
4.2 Calibration Curve 
The calibration curves generated show that the DLUs increased linearly with 
activity.  The DLUs for the 0.1-11 Bq activities were graphed close together.  There was a 
large increase in the DLUs for the 115 and 160 Bq samples compared to the 10 and 11 
Bq samples.  The 115 and 160 Bq samples were graphed close by the 232 and 222 Bq 
samples.  This shows that there is a steep increase in the amount of DLUs between the 
10-160 Bq range. The 0.1 Bq samples could only be unsuccessfully imaged with the MS 
film.  The activity of the 0.1 Bq samples was either too low to be detected or the 
background was too high.  The 0.1 Bq DLUs were negative after the background was 






Figure 21 Profile view of Am-241 standard exposure at 2, 4, 6 and 8 hours 




Pu standards on each film 
are shown in Figures 22-24.  There is small difference in the number of DLUs between 
the standards on the TR film.  There is a large difference between the DLUs on the SR 
and MS films.  The 
241
Am standards have a higher amount of DLUs than the 
239
Pu 
standards on the SR and MS films.  This may be due to the difference in energies of the 
alphas emitted from each isotope. The difference may be greater on the SR and MS film 
than the TR film due to the presence of the protective coating on the SR and MS film.  
The TR film may be preferred when trying to quantify unknown activities.  The 
difference of the DLUs between these two isotopes may be useful when trying to 
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Figure 24 Comparison of Am and Pu DLUs on MS film 
 
4.3 Calculation of Unknown Activities 
 The TR and the SR films were successfully used to determine the activities of the 
unknown samples.  The only activity that was not correctly assayed was Unknown 4 
when analyzed with the MS film; however the MS film had the least standard deviation 
while the TR film had the highest.  The more sensitive the film, the higher the standard 
deviation and the average activity calculated from the calibration curves was closest to 
the actual average activities of the unknowns calculated by alpha spectroscopy. The TR, 
SR and MS films can all be used to calculate activities. However the MS film is not 
efficient in determining lower activities (22 Bq). 
Comparing the images of the unknown to the calibration curve images does not 




samples.  Further analysis of the DLUs is needed in order to estimate activities.  The 
images do provide a general guide by comparing the images to the calibration curve.  
Figures 25 and 26 show the images of an Am-241 calibration curve using the TR film.  In 
the figure, the top row is the Am calibration curve with the highest activity of 222 Bq in 
the top left corner.  The Am-241 then decreases in activity.  The third image to the right 
of the 222 Bq sample can faintly be seen.  The 1.3 and 0.14 Bq samples cannot be seen 
in this image but can be differentiated from the background based on the DLUs that 
were produced in the exposure.  This image does provide information regarding the 
unknowns.  Unknown 3, Unknown 2 and Unknown 1 make up the bottom row in both 
figures in that order with Unknown 3 located on the far left.  Comparing the unknowns 
to the calibration curve shows that the unknowns are of higher activity than the 0.14, 
1.3 and 11 Bq.  In both figures, Unknown 1 appears to have more concentrated areas of 
red/black than the other two unknowns and this might give it the appearance of having 
the highest activity of the unknown samples.  Unknown 2 has the highest activity of the 









Figure 26 Calibration curve image of Am samples by TR film in color. 
 
4.4 Air Filter Analysis 
 
  The activities calculated using the autoradiography method are significantly 
smaller than the actual activities of the air filters.  Table 9 shows a comparison between 









Th is an alpha emitter and emits 4.74 MeV/Bq (ICRP 1983).  The protective 
coating of the SR film may be more successful in attenuating the alphas in this energy 
range.  The previous experiment showed that the activities of the unknowns were 
successfully calculated using the activity calibration curves produced from standards 
composed of the same isotope of the unknowns.  In this experiment, the standards 
were used to calculate the activities of different isotopes.  The calculated activities may 
have been closer to the actual activities if the same or similar isotopes, that the air 
filters were doped with, were used to create the calibration curves. 
Table 8 Activities of the air filters 
 Information Source Gross Alpha (Bq) Gross Beta (Bq) Total Activity (Bq) 
 Air Filter 1 MAPEP 0.659 ±0.007 1.320 ±0.020 1.979 ±0.021 
 Autoradiography     0.348 ±0.006 
 Air Filter 2 MAPEP   0.500 ±0.010 0.500 ±0.010 
 Autoradiography     0.132 ±0.002 
 
4.5 Error Analysis 
 
4.5.1 Mean Calculations 
 
 The mean was calculated using Equation 4 for all sets of data.  The mean was 




this equation, N is the total number of series in the group and x is the measurement for 
that series.   
̅ = 	∑ 	
                    (4) 
4.5.2 Standard deviation Calculations 
 
 The standard deviation is used to describe the precision of a measurement.  The 
standard deviation was calculated using the unbiased, or “N-1”, method.  The unbiased 
method is used when the number of measurements N is small.  The standard deviation 
was calculated using Equation 5. 
 = 	∑ (̅)	
                   (5) 
   The standard deviation for the counting error is the square root of the number of 
counts measured.  The standard deviation for the counting error is shown in Equation 6.  
In this equation, N is the number of counts.  When N is equal to 10,000 counts, there 
will be a 1% counting error.   
	 = 	√                   (6) 
 The quadrature sum was taken when combining standard deviations. Equation 7 
is the equation used when combing the standard deviations. 
 =	 +                   (7) 
4.5.3 General Errors 
 
 Error could have been a result of the sample production.  Microprecipitation was 
used to create thin even samples that would be easy to count using alpha spectrometry 




seen in Figure 27.  This uneven distribution may have been a result of unopened filter 
pores during the microprecipitation procedure.  This uneven distribution may have 
increased the counting error due to self absorption and also DLU error when imaging.   
 The 
239
Pu samples all contain a small amount of 
241
Am.  The activity of Am-241 
was not included in the Pu-239 activity alpha spectrometry measurements and accounts 
for 0.6% of the gross Pu-239 activity.  The 
239
Pu standard solution used to create the 
samples was contaminated with 
241
Am.  The 
241
Am is the daughter of 
241
Pu which decays 




Pu has a 14 year half life.  Depending on how old the solution is, 
there may be 
241
Am in the solution.  This means that alpha, gamma and beta radiation 
may be included on the 
239
Pu samples.  The additional radiation emitted from the extra 
isotopes in the 
239
Pu solution may have been an additional source of error when imaging 
the filters.    
 
Figure 27 Autoradiography image of Unknown 1 using TR film 
 
 Error can arise from conditions in the room where the exposure took place.  The 
film can be affected by additional sources placed in the room during exposure.  
Background radiation can also affect the films when the film is transferred from the 
exposure cassette to the scanner.  The backgrounds of the films were non uniform and 




affect the gross DLUs and may be related to the film performance at the specific 
location.  The difference may be a reflection of possible areas of contamination on the 
films.   
 The size of the regions of interest used to utilize the DLUs in a specific region 
may also affect the error.  A region with a diameter of 25 mm was used to determine 
the activity of the samples.  The active area of the samples is 20 mm but 25 mm was 
used in order to include all of the possible DLUs created from the radiation.  This may 
have lead to an overestimation in DLUs and activity of the sample.  Figure 28 shows the 
25 mm diameter ROI selected for each sample in a calibration curve. 
 
 
Figure 28 Calibration curve of Pu samples by MS film.  From left to right top row: 222 Bq, 
100 Bq, 10 Bq, 1 Bq and 0.1 Bq.  From left to right bottom row: Unknown 4, Unknown 5 









5.1 Overview  
 
A rapid nondestructive method for quantification of air filters was developed 
using autoradiography for emergency response purposes.  This method also provides a 
visualization of the distribution of activity on the air filter which is important for 
applications involving hot particles.  The behavior of the Tritium Sensitive (TR), Super 
Resolution (SR) and MultiSensitive (MS) storage phosphor films were examined by 
exposing the films to an electrodeposited source containing 
241
Am at various increments 
of time.  The films were scanned using the Cyclone Plus Storage Phosphor Scanner and 





were prepared by microprecipitation.  They were imaged using all three storage 
phosphor films, scanned and assayed.  Calibration curves were generated relating digital 
light units (DLUs) to the sample activities.  The calibration curves were used to identify 




Pu samples of unknown activities.  An air filter doped with 
beta and alpha radiation and an air filter doped with only beta radiation were imaged 
and activities were calculated using the same method. 
5.2 Film Studies  
5.2.1 Reproducibility 
The films respond consistently with each exposure.  The number of DLUs 
corresponds to the sensitivity and resolution of the films where the TR film had the 




5.2.2 Film Comparison 
 
The number of DLUs is a function of time of exposure.  The TR film has the 
highest number of DLUs from the standard and the lowest background.  The SR film has 
slightly larger DLUs for the standard than the MS film.  The MS film has the highest 
background DLUs while the TR film has the smallest.  The background accounts for 
about 0.1% of the total DLUs for the 0.005 µCi 
241
Am electrodeposited standard and can 
be neglected at this activity; however the background DLUs may not be neglected for 
samples involving low activities. 
5.3 Activity Calibration Curve  
The number of DLUs increased linearly with the activity of the samples.  The 
background of the MS film succeeded the DLUs of the standard at 0.1 Bq.  The TR 




Pu.  The 
241
Am calibration curves 
showed a steeper slope than the 
239
Pu calibration curves on the SR and MS films.    
5.4 Calculating Unknown Activities  
The calibration curves were successful in calculating the activities of the 
unknown samples.  The TR, SR and MS films can all be used to calculate activities except 
the MS film may not be efficient to use when quantifying samples with low activities.   
5.5 Air Filter Analysis 
The activities of the air filters calculated from the activity calibration curves were 
much smaller than the actual activities of the air filters.  The difference in activity shows 




5.6 Future Work 
Continuation of this work should include further investigation of the film behavior 
with mixed sources.  Efficiencies of the films for all radiation types need to be 
established.  Relationships between radiation types, energies and intensities require 
further investigation.  Effects of air filter absorption properties also need to be 





















Am in 1M hydrochloric Acid (HCl), 200 Bq mL-1, Isotope Products 
239
Pu in 1M hydrochloric Acid (HCl), 100 Bq mL-1, Isotope Products  
239
Pu in 0.6M Nitric Acid (HNO3), 100 Bq mL-1, Isotope Products  
Cerium (III) Nitrate Hexahydrate (Ce(NO3)3·6H2O), 99.9%, Strem Chemicals 
Hydrofluoric Acid (HF), 48-51%, J.T. Baker 
Hydrochloric Acid (HCl), 37-38%, J.T. Baker 
Deionized Water (DI) 
Ethanol 80%, (EtOH) 
Lipped 25mm stainless steel planchets 
Variable volume VWR pipettors 
50mL Centrifuge tubes 
Millipore 1225 Sampling Manifold  
Heat lamp 
Petri dishes 
Double sided tape 
Tweezers 
Vacuum pump, Dry-fast, model number 2012B-01 
Resolve filters 0.1 micron 25 mm polypropylene, Eichrom 
Canberra Alpha Analyst Spectrometer, 450 mm2 active area PIPS detector 
Oxford Oasis Alpha Spectrometry System, 450 mm
2




Vacuum Pump RZ 2.5, Vacuubrand 
241






Cm mixed source electrodeposited disc 0.014 µCi, Analytics 
Kodak Film Cleanser 
Medium MultiSensitive Storage Screen (MS), Perkin Elmer 
Medium Super Resolution Storage Screen (SR), Perkin Elmer 
Medium Tritium Sensitive Storage Screen (TR), Perkin Elmer 
Medium Scanning Carousel, Perkin Elmer 
Screen Eraser, Porta Trace  
Small Exposure Cassette (8 x 10 inch), Perkin Elmer 
Cyclone Plus Imaging System, Perkin Elmer 
OptiQuant Image Analysis Software, Perkin Elmer 
KaleidaGraph 4.0 
MAPEP 47 mm glass fiber filter labeled MAPEP-09-Gr21, Gross Alpha: 0.659 ±0.007 Bq , 
Gross Beta: 1.32 ±0.02 Bq 
 










































± Counting  
 
Error (%) 
1 2 1200000 19737 356 19381 28.63 0.119697 0.134931 0.82 
 4A 1200000 15531 221 15310 29.48 0.085522 0.149182 0.91 
 5 1200000 18910 4 18906 53.25 0.117768 0.13378 0.74 
2 2 120000 17972 62 17910 71.42 0.119697 1.246899 0.79 
 1 120000 17057 23 17034 32.98 0.113238 1.253555 0.79 
 4B 120000 13820 1 13820 41.77 0.085457 1.347649 0.86 
3 5 12000 15127 0 15127 70.82 0.117767 10.70409 0.81 
 4 12000 13945 1 13944 54.52 0.107758 10.78346 0.85 
 4A 12000 12276 0 12276 34.85 0.085522 11.96183 0.90 
4 3 1200 21397 0 21397 73.25 0.113352 157.3044 0.68 
 1 1200 21002 0 21002 34.46 0.113238 154.5566 0.69 
 4A 1200 17270 0 17270 37.48 0.085522 168.2802 0.76 
5 1 1200 30836 0 30836 34.13 0.113238 226.9263 0.57 
 2 1200 32554 0 32554 34.45 0.119697 226.6418 0.55 







































Error (%)  
 
6 5 1200000 14766 356 14410 37.12 0.117768 0.1019 0.97 
 
6 1200000 13371 221 13150 44.49 0.105156 0.1042 0.99 
7 2 120000 14508 87 14421 37.69 0.119697 1.0039 0.90 
 
3 120000 14533 7 14526 40.96 0.113352 1.0679 0.85 
 
2 120000 14508 87 14421 40.97 0.114801 1.0468 0.90 
8 3 12000 13342 0 13342 35.39 0.113352 9.8086 0.86 
 
7 12000 12615 1 12614 34.03 0.105823 9.9332 0.90 
 
3 12000 13531 1 13530 36.55 0.108716 10.371 0.87 
9 2 1200 16014 0 16014 35.89 0.119702 111.48 0.80 
 
3 1200 15714 0 15714 37.05 0.119697 109.40 0.80 
 
7 1200 15000 0 15000 36.89 0.101494 123.15 0.82 
10 3 900 22253 0 22253 32.19 0.108716 227.43 0.67 
 
7 900 20473 0 20473 32.23 0.101494 224.12 0.70 
 














Table 11 Average Activities (Bq) of Am and Pu Samples 
Sample Activity 1 Activity 2 Activity 3 Mean Activity Standard Deviation 
1 0.134931 0.149182 0.133780 0.139298 0.008579 
2 1.246899 1.253555 1.347648 1.282701 0.056345 
3 10.70409 10.78346 11.961825 11.14979 0.70436 
4 157.3044 154.5566 168.280155 160.047 7.261251 
5 226.9263 226.6418 243.562869 232.377 9.688306 
6 0.101966 0.10421 NA 0.103088 0.001587 
7 1.003994 1.067908 1.046812 1.039572 0.032567 
8 9.808643 9.933254 10.371075 10.03766 0.295394 
9 111.485 109.4013 123.159516 114.6819 7.415362 
10 227.4329 224.1284 214.671560 222.0776 6.623239 
 
Table 12 Film Average Measurements of Electroplated Am Standard 
Film Time (h) Background Averages % Error Average DLU-Background % Error 
TR 2 115,734 ± 9,297 8 236,756,729 ± 30,620,715 13 
 
4 147,036 ± 13,080 9 374,505,542 ± 20,671,271 6 
 
6 165,488 ± 11,656 7 495,772,254 ± 11,216,116 2 
 
8 182,071 ± 8,557 5 651,320,133 ± 27,128,367 4 
SR 2 141,873 ± 9,538 7 125,459,385 ± 9,093,767 7 
 
4 175,676 ± 30,472 17 223,337,525 ± 15,496,740 7 
 
6 247,375 ± 5,511 2 320,127,880 ± 19,255,003 6 
 
8 296,610 ± 3,327 1 414,741,869 ± 20,837,750 5 
MS 2 374,911 ± 35,934 10 109,373,860 ± 11,325,358 10 
 
4 469,578 ± 52,891 11 220,108,687 ± 10,149,653 5 
 
6 662,679 ± 67,426 10 314,603,858 ± 31,288,980 10 
 
















(DLU) Run 1 Run 2 Run 3 Run 4 
2 263,768,927 114,740 108,835 128,347 149,100 125,255 263,643,671 
2 243,314,386 117,344 113,599 115,942 114,184 115,267 243,199,119 
2 203,534,076 117,871 94,431 104,448 109,966 106,679 203,427,397 
4 388,476,829 162,886 120,310 136,155 145,313 141,166 388,335,662 
4 350,880,633 124,619 126,670 152,708 147,677 137,918 350,742,714 
4 384,600,272 167,930 167,927 155,478 156,752 162,022 384,438,250 
6 485,060,938 190,970 184,361 163,884 140,154 169,842 484,891,095 
6 507,448,003 176,436 134,454 145,668 152,564 152,281 507,295,722 
6 495,304,281 166,433 203,194 176,314 151,412 174,338 495,129,943 
8 682,200,918 219,612 195,895 176,477 160,946 188,232 682,012,685 
8 641,583,896 165,178 184,015 214,367 179,155 185,679 641,398,216 

























(DLU) Run 1 Run 2 Run 3 Run 4 
2 104,612,485 399,706 390,545 405,107 405,565 400,230 104,212,254 
2 122,751,252 382,685 362,042 397,222 420,930 390,720 122,360,532 
2 101,882,576 337,981 318,872 336,538 341,737 333,782 101,548,794 
4 228,431,559 459,240 406,343 382,322 398,603 411,627 228,019,932 
4 209,180,015 524,736 514,206 511,767 510,282 515,248 208,664,767 
4 224,123,224 441,788 449,863 491,707 544,084 481,860 223,641,363 
6 297,803,488 651,084 635,314 682,609 643,695 653,175 297,150,312 
6 351,460,797 711,294 689,466 745,020 791,630 734,353 350,726,444 
6 296,535,329 558,570 571,883 623,540 648,047 600,510 295,934,818 
8 398,078,983 763,326 737,669 789,631 829,355 779,995 397,298,988 
8 405,620,003 843,355 746,314 743,298 798,601 782,892 404,837,111 


























(DLU) Run 1 Run 2 Run 3 Run 4 
2 136,033,172 159,172 141,812 153,111 157,114 152,802 135,880,370 
2 121,504,020 141,846 124,798 138,996 144,686 137,582 121,366,438 
2 119,266,581 136,749 126,275 140,504 137,409 135,234 119,131,347 
4 216,972,574 143,703 135,762 137,564 145,054 140,520 216,832,054 
4 241,221,141 198,766 183,167 195,352 200,857 194,536 241,026,606 
4 212,345,886 196,736 183,450 195,083 192,618 191,971 212,153,914 
6 327,092,360 267,032 241,837 248,656 256,465 253,497 326,838,863 
6 335,375,140 260,351 232,052 242,178 248,674 245,814 335,129,327 
6 298,658,264 241,164 238,803 248,131 243,153 242,813 298,415,451 
8 434,100,912 294,239 277,790 303,134 303,059 294,556 433,806,356 
8 418,217,470 321,257 273,640 281,238 303,172 294,827 417,922,643 
8 392,797,056 297,302 303,337 295,177 305,977 300,448 392,496,608 
 
Table 16 Am and Tritium Sensitive (TR) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU - Background 
and Unknowns X Y (d=25mm) (d=25mm)  
232 71.2 27,403,434.90 81,789.10 27,321,645.80 
160 102 46.5 19,103,491.90 81,277.90 19,022,214.00 
11 135.1 46.5 1,345,657.80 88,444.10 1,257,213.70 
1.3 169.8 46.7 261,323.40 84,185.40 177,138.00 
0.14 203.6 42.7 116,319.00 81,766.80 34,552.20 
Unknown 1 173.9 80.3 21,185,807.50 90,555.70 21,095,251.80 
Unknown 2 142.5 80.5 22,710,782.40 90,275.30 22,620,507.10 






Table 17 Am and Tritium Sensitive (TR) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU - Background 
and Unknowns X Y (d=25mm) (d=25mm)  
232 69.4 29.4 28,032,168.10 77,107.50 27,955,060.60 
160 101.2 30 19,857,343.90 77,479.40 19,779,864.50 
11 134.9 31.4 1,346,164.00 76,392.40 1,269,771.60 
1.3 170.5 32.2 251,131.30 78,480.40 172,650.90 
0.14 207 35.4 107,176.50 80,332.50 26,844.00 
Unknown 1 189.9 71 26,226,232.60 89,070.40 26,137,162.20 
Unknown 2 146.5 68.3 25,376,092.60 88,460.10 25,287,632.50 
Unknown 3 101 72 11,140,603.10 91,383.10 11,049,220.00 
 
Table 18 Am and Tritium Sensitive (TR) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU - Background 
and Unknowns X Y (d=25mm) (d=25mm)  
232 74.3 41.30 28,059,303.60 81,174.10 27,978,129.50 
160 106.2 40.90 19,629,223.70 81,441.10 19,547,782.60 
11 141.2 42.90 1,384,186.30 83,613.80 1,300,572.50 
1.3 174.1 41.40 257,296.50 81,279.70 176,016.80 
0.14 206.5 42.80 102,071.80 84,376.30 17,695.50 
Unknown 1 138.1 79.40 17,962,920.30 89,639.20 17,873,281.10 
Unknown 2 173.5 83 27,920,959.40 92,706.40 27,828,253.00 









Table 19 Am and Tritium Sensitive (TR) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU - Background 
and Unknowns X Y (d=25mm) (d=25mm)  
232 73.5 35.6 27,551,011.40 78,511.40 27,472,500.00 
160 105.1 37.2 19,650,761.10 78,890.80 19,571,870.30 
11 141.2 38.6 1,344,041.50 81,814.60 1,262,226.90 
1.3 175 38.7 259,217.80 79,902.30 179,315.50 
0.14 206.3 43.1 100,253.70 81,840.90 18,412.80 
Unknown 1 143.1 73.2 17,919,522.30 88,786.80 17,830,735.50 
Unknown 2 175.9 76.2 24,390,962.50 89,105.20 24,301,857.30 
Unknown 3 110.1 70.9 11,727,323.80 89,258.90 11,638,064.90 
 
Table 20 Am and Tritium Sensitive (TR) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU - Background 
and Unknowns X Y (d=25mm) (d=25mm)  
232 75.4 33.8 27,750,139.90 77,197.70 27,672,942.20 
160 108.1 34.7 20,656,551.60 81,462.10 20,575,089.50 
10 141.7 36.3 1,487,746.10 83,301.50 1,404,444.60 
1.3 178.5 33.8 267,279.00 77,362.10 189,916.90 
0.14 210 38.8 109,234.30 78,433.50 30,800.80 
Unknown 1 181.4 76.5 22,856,575.20 83,993.80 22,772,581.40 
Unknown 2 142.5 76.9 26,875,509.50 85,155.10 26,790,354.40 









Table 21 Am and Super Resolution (SR) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 55.3 29.6 19,669,761.10 83,283.30 19,586,477.80 
160 98.2 27.8 13,859,001.20 83,071.50 13,775,929.70 
11 142.6 30.8 1,099,743.50 84,771.30 1,014,972.20 
1.3 180.5 34.1 217,022.50 87,464.80 129,557.70 
0.14 220.1 37.1 103,813.60 87,756.40 16,057.20 
Unknown 1 201.8 78 16,286,033.40 97,070.20 16,188,963.20 
Unknown 2 149.1 76.1 19,970,061.50 95,942.00 19,874,119.50 
Unknown 3 89.8 72.2 8,067,471.60 95,075.10 7,972,396.50 
 
Table 22 Am and Super Resolution (SR) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 54.4 37.6 19,339,993.50 89,973.60 19,250,019.90 
160 98 35.8 13,521,347.70 89,200.80 13,432,146.90 
11 137 37.4 1,055,295.00 89,425.60 965,869.40 
1.3 174.7 36.1 216,851.10 89,861.60 126,989.50 
0.14 215.7 34.2 107,310.30 88,531.70 18,778.60 
Unknown 1 194.7 79.9 13,980,475.90 98,500.70 13,881,975.20 
Unknown 2 140.3 78.3 16,391,655.30 96,298.10 16,295,357.20 









Table 23 Am and Super Resolution (SR) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 64.7 25.3 19,854,700.70 82,050.20 19,772,650.50 
160 103.8 23.2 13,852,355.60 79,534.30 13,772,821.30 
11 137.8 24.1 1,053,762.80 80,816.50 972,946.30 
1.3 177.4 22.8 191,072.30 80,781.30 110,291.00 
0.14 213.8 23.7 103,774.40 82,371.70 21,402.70 
Unknown 1 203.4 72.6 12,111,359.00 97,078.70 12,014,280.30 
Unknown 2 149.9 75.1 15,575,062.40 95,564.30 15,479,498.10 
Unknown 3 93.4 72.9 8,547,584.40 94,528.00 8,453,056.40 
 
Table 24 Am and Super Resolution (SR) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 73.3 37.6 18,523,726.00 93,576.90 18,430,149.10 
160 105.1 38.3 13,348,001.60 94,935.90 13,253,065.70 
11 140 37.1 1,015,477.50 96,508.80 918,968.70 
1.3 171.6 37.3 203,543.40 96,167.50 107,375.90 
0.14 204.2 39.4 108,234.80 94,947.90 13,286.90 
Unknown 1 183.5 80.5 12,750,830.90 103,116.10 12,647,714.80 
Unknown 2 151 78 16,642,565.90 100,823.10 16,541,742.80 









Table 25 Am and Super Resolution (SR) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 79.30 36.3 19,760,481.90 91,283.50 19,669,198.40 
160 112.00 36.30 13,413,799.10 93,210.70 13,320,588.40 
11 144.60 36.60 1,065,736.00 92,839.70 972,896.30 
1.3 176.80 36.80 208,029.90 92,435.90 115,594.00 
0.14 206.90 37.20 102,773.30 91,634.20 11,139.10 
Unknown 1 170.1 72.60 13,101,138.70 101,582.10 12,999,556.60 
Unknown 2 138.40 71.20 16,134,412.20 100,287.20 16,034,125.00 
Unknown 3 105.60 71.40 7,913,165.80 101,038.70 7,812,127.10 
 
Table 26 Am and MulitiSensitive (MS) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 73.8 38.8 16,376,804.20 206,916.40 16,169,887.80 
160 106.3 40.7 11,672,515.40 207,361.10 11,465,154.30 
11 138.4 40.6 966,550.60 206,211.20 760,339.40 
1.3 169.1 41 287,931.10 208,151.00 79,780.10 
0.14 204.8 40.9 199,489.40 210,438.00 -10,948.60 
Unknown 1 181.7 86.3 10,650,808.70 209,556.40 10,441,252.30 
Unknown 2 144.1 86 13,644,144.60 211,289.60 13,432,855.00 









Table 27 Am and MultiSensitive (MS) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 81.4 38.3 16,718,023.60 182,629.80 16,535,393.80 
160 111.8 40.6 12,040,718.80 184,817.70 11,855,901.10 
11 143.5 38.8 967,854.40 184,096.20 783,758.20 
1.3 174.9 38.4 275,672.70 183,389.30 92,283.40 
0.14 205.5 38.8 192,382.30 190,679.10 1,703.20 
Unknown 1 171 81.1 10,752,788.50 191,587.20 10,561,201.30 
Unknown 2 138.5 80.9 13,897,321.80 192,105.90 13,705,215.90 
Unknown 3 104.6 77.9 7,088,288.50 191,827.40 6,896,461.10 
 
Table 28 Am and MultiSensitive (MS) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 75.7 41 17,171,194.50 170,499.70 17,000,694.80 
160 105.3 42.1 12,418,240.20 171,625.00 12,246,615.20 
11 137.8 41.1 1,008,526.30 181,722.80 826,803.50 
1.3 169.2 40.5 250,513.80 190,088.20 60,425.60 
0.14 200 40 172,465.20 194,926.90 -22,461.70 
Unknown 1 167.1 76 11,625,533.00 203,907.70 11,421,625.30 
Unknown 2 135.2 76.1 15,424,522.70 200,658.50 15,223,864.20 









Table 29 Am and MultiSensitive (MS) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 64.4 28.4 17,921,567.90 229,469.40 17,692,098.50 
160 96.7 31.2 12,968,708.00 221,182.90 12,747,525.10 
11 129.4 29.6 1,076,594.10 221,800.90 854,793.20 
1.3 164.1 31.8 313,204.60 217,382.50 95,822.10 
0.14 199.1 33.2 222,521.40 230,646.50 -8,125.10 
Unknown 1 178.5 76.3 14,136,634.20 239,739.60 13,896,894.60 
Unknown 2 137.5 77.5 17,731,779.80 222,628.80 17,509,151.00 
Unknown 3 90.7 80.2 7,961,114.70 227,504.10 7,733,610.60 
 
Table 30 Am and MultiSensitive (MS) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 232 51.7 21.8 16,580,087.90 187,574.80 16,392,513.10 
160 86.5 21.6 11,739,590.60 180,891.60 11,558,699.00 
10 121.8 22.1 959,801.30 183,507.60 776,293.70 
1.3 158.5 23.5 288,348.00 184,472.20 103,875.80 
0.14 197.2 27.1 198,620.70 183,273.90 15,346.80 
Unknown 1 161.4 66.2 13,037,915.00 186,444.70 12,851,470.30 
Unknown 2 117.8 68.5 14,540,867.20 186,435.30 14,354,431.90 









Table 31 Activities of Am Calculated from Calibration Curve Equations 
  
Unknown 1 Unknown 2 Unknown 3 
Film Calibration Curve Equations DLU Activity(Bq) DLU Activity (Bq) DLU Activity (Bq) 
TR y=13378+(1.1805e+5)x 21095251.80 116.80 22620507.10 125.25 10951907.10 60.60 
 
y=22641+(1.2138e+5)x 25287632.50 208.15 26137162.20 215.15 11049220.00 90.84 
 
y=14438+(1.2103e+5)x 17873281.10 146.48 27828253.00 228.74 11104264.00 90.56 
 
y=35865+(1.1929e+5)x 17830735.50 91.30 24301857.30 124.50 11638064.90 59.53 
 
y=(1.406e+5)+(1.2158e+5)x 22772581.40 186.15 26790354.40 219.20 11455324.00 93.06 
SR y=52782+84707x 16188963.20 190.49 19874119.50 234.00 7972396.50 93.49 
 
y=35832+83114x 13881975.20 166.59 16295357.20 195.63 7890722.30 94.51 
 
y=23063+85389x 12014280.30 140.43 15479498.10 181.01 8453056.40 98.72 
 
y=50972+80279x 12647714.80 156.91 16541742.80 205.42 8049011.10 99.63 
 
y=-990.08+84300x 12999556.60 154.22 16034125.00 190.21 7812127.10 92.68 
MS y=7148.6+70291x 10441252.30 148.44 13432855.00 191.00 6824053.20 96.98 
 
y=25636+72052x 10561201.30 146.22 13705215.90 189.86 6896461.10 95.36 
 
y=16860+74245x 11421625.30 153.61 15223864.20 204.82 7607298.20 102.24 
 
y=32211+77196x 13896894.60 179.60 17509151.00 226.40 7733610.60 99.76 
 














Table 32 Pu and Tritium Sensitive (TR) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 61.7 40.1 25,221,271.70 79,503.00 25,141,768.70 
115 95.5 35.4 13,662,820.20 78,173.00 13,584,647.20 
10 127.3 35 1,246,455.20 82,785.10 1,163,670.10 
1 157.5 35.9 229,159.40 80,373.30 148,786.10 
0.1 192.2 40.8 93,970.40 81,037.40 12,933.00 
Unknown 1 177.3 92.7 3,212,450.60 86,526.60 3,125,924.00 
Unknown 2 145.4 92.4 6,203,060.40 84,573.00 6,118,487.40 
Unknown 3 113.4 93.3 15,760,314.40 84,596.50 15,675,717.90 
 
Table 33 Pu and Tritium Sensitive (TR) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 62.3 39.2 28,773,905.90 80,257.40 28,693,648.50 
115 94.9 40.5 14,991,020.40 81,974.00 14,909,046.40 
10 126.3 40.8 1,328,760.30 82,002.10 1,246,758.20 
1 155.9 41.3 227,508.40 84,530.40 142,978.00 
0.1 188 41.2 95,031.10 81,400.00 13,631.10 
Unknown 1 188 80.5 2,635,452.00 87,963.80 2,547,488.20 
Unknown 2 155.3 79 5,778,787.90 87,559.90 5,691,228.00 









Table 34 Pu and Tritium Sensitive (TR) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 77.7 43.2 25,342,649.20 78,479.30 25,264,169.90 
115 112.8 42.5 13,463,071.00 79,549.70 13,383,521.30 
10 144.8 43.6 1,200,757.30 79,574.90 1,121,182.40 
1 177.5 41.6 227,200.70 77,168.90 150,031.80 
0.1 208.90 43 95,033.60 77,520.40 17,513.20 
Unknown 1 178.2 89.2 2,583,073.50 86,781.20 2,496,292.30 
Unknown 2 145.8 88.2 5,349,872.90 84,995.80 5,264,877.10 
Unknown 3 113.2 88.1 15,032,764.50 89,081.00 14,943,683.50 
 
Table 35 Pu and Tritium Sensitive (TR) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 66.80 46.6 25,583,241.60 85,739.80 25,497,501.80 
115 99.2 47.5 13,934,683.80 85,944.50 13,848,739.30 
10 130.7 45.2 1,299,441.80 87,001.30 1,212,440.50 
1 161 45 215,031.70 86,220.90 128,810.80 
0.1 196.1 47.2 97,071.30 85,288.40 11,782.90 
Unknown 1 194.7 85.7 3,165,393.80 92,556.60 3,072,837.20 
Unknown 2 161.6 85.2 6,954,966.70 90,887.00 6,864,079.70 









Table 36 Pu and Tritium Sensitive (TR) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 67.7 47.3 25,226,668.50 84,614.80 25,142,053.70 
115 100.9 46.9 14,057,835.60 88,257.70 13,969,577.90 
10 132.7 47.1 1,317,455.50 87,527.70 1,229,927.80 
1 162 45 200,147.90 86,081.80 114,066.10 
0.1 196.7 47.9 94,470.10 83,091.40 11,378.70 
Unknown 1 193.7 87.3 3,078,952.40 88,102.70 2,990,849.70 
Unknown 2 161.4 86.8 6,606,508.70 89,686.20 6,516,822.50 
Unknown 3 130 86.4 17,505,320.90 93,849.50 17,411,471.40 
 
Table 37 Pu and Super Resolution (SR) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 70.9 39.3 16,323,244.90 88,199.00 16,235,045.90 
115 104.2 41.5 8,494,131.00 92,682.90 8,401,448.10 
10 134.7 40.2 863,430.80 90,285.50 773,145.30 
1 167.2 39.8 176,052.90 91,863.90 84,189.00 
0.1 201.7 42.5 103,642.00 93,410.40 10,231.60 
Unknown1 167.1 77.2 1,702,571.40 97,670.50 1,604,900.90 
Unknown2 132.7 77.6 3,518,234.10 98,309.40 3,419,924.70 









Table 38 Pu and Super Resolution (SR) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 75.6 38.4 16,177,512.30 90,518.90 16,086,993.40 
115 109.3 40.2 8,532,640.60 92,536.90 8,440,103.70 
10 140 38.6 840,566.50 89,889.20 750,677.30 
1 172.4 39.7 163,572.70 91,309.30 72,263.40 
0.1 207.4 41.4 94,438.10 92,466.80 1,971.30 
Unknown1 177.2 79.3 1,709,750.90 96,867.60 1,612,883.30 
Unknown2 144 77.9 3,577,887.70 98,026.90 3,479,860.80 
Unknown3 112.2 80.1 10,053,301.50 97,911.10 9,955,390.40 
 
Table 39 Pu and Super Resolution (SR) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 72.3 41.4 16,180,387.10 90,384.50 16,090,002.60 
115 105.9 39.9 8,541,085.30 92,959.00 8,448,126.30 
10 136.7 40.8 936,070.60 89,011.80 847,058.80 
1 169.6 41.6 196,401.10 91,381.60 105,019.50 
0.1 199.7 41.9 108,975.10 92,789.20 16,185.90 
Unknown1 173.2 81.1 2,290,435.50 98,965.10 2,191,470.40 
Unknown2 141.8 82.4 4,322,037.10 96,871.80 4,225,165.30 









Table 40 Pu and Super Resolution (SR) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 66.90 40.5 16,096,344.50 87,473.40 16,008,871.10 
115 99.4 39.1 8,438,722.30 87,007.70 8,351,714.60 
10 130.1 39.9 816,957.70 86,476.50 730,481.20 
1 163.8 42.6 171,430.30 88,802.40 82,627.90 
0.1 195.7 43.7 97,040.90 90,150.90 6,890.00 
Unknown1 170.7 81.1 1,919,188.40 92,762.10 1,826,426.30 
Unknown2 136.4 80.5 3,642,769.90 93,237.40 3,549,532.50 
Unknown3 101.1 78.4 9,955,688.00 92,741.70 9,862,946.30 
 
Table 41 Pu and Super Resolution (SR) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 72.3 46.3 16,123,170.80 85,436.00 16,037,734.80 
115 104 43.5 8,444,393.20 85,278.40 8,359,114.80 
10 136 42.1 838,848.20 87,651.00 751,197.20 
1 166.4 41.9 174,022.50 88,415.00 85,607.50 
0.1 200.5 45.2 95,858.10 88,786.90 7,071.20 
Unknown1 183.1 76.6 2,185,357.10 103,374.00 2,081,983.10 
Unknown2 150.6 75.5 3,764,086.90 100,574.30 3,663,512.60 









Table 42 Pu and MultiSensitive (MS) Calibration Curve Data of Image 1 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 77.4 35.6 12,655,968.90 216,889.20 12,439,079.70 
115 110.5 36.6 6,633,316.30 215,792.00 6,417,524.30 
10 141.7 36.7 743,999.90 214,558.20 529,441.70 
1 172.7 37.7 262,625.20 214,710.60 47,914.60 
0.1 210.2 41.1 210,829.90 215,434.40 -4,604.50 
Unknown 1 169.1 76.1 1,603,916.40 225,807.70 1,378,108.70 
Unknown 2 137.6 74.5 2,963,627.50 220,441.60 2,743,185.90 
Unknown 3 102.9 75.8 8,088,360.50 226,609.80 7,861,750.70 
 
Table 43 Pu and MultiSensitive (MS) Calibration Curve Data of Image 2 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 78.7 39.3 12,459,205.10 202,099.90 12,257,105.20 
115 112.3 37.8 6,564,547.80 201,705.90 6,362,841.90 
10 142.6 39 770,529.10 203,396.00 567,133.10 
1 175 41 248,388.90 206,736.80 41,652.10 
0.1 208.7 41.1 203,308.70 216,443.30 -13,134.60 
Unknown 1 174.3 84.6 1,590,561.00 232,631.00 1,357,930.00 
Unknown 2 140.6 83.9 2,962,262.40 206,055.80 2,756,206.60 









Table 44 Pu and MultiSensitive (MS) Calibration Curve Data of Image 3 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 71.5 33.1 12,550,522.10 194,069.60 12,356,452.50 
115 103.1 32.6 6,623,159.70 193,712.70 6,429,447.00 
10 134.5 32.9 795,179.40 191,257.40 603,922.00 
1 168.1 33.1 263,239.50 194,549.80 68,689.70 
0.1 199.8 33.8 202,480.40 199,316.60 3,163.80 
Unknown 1 172.9 74.8 1,717,125.60 206,345.00 1,510,780.60 
Unknown 2 140.5 73.7 3,165,127.00 197,915.70 2,967,211.30 
Unknown 3 109.5 75.6 8,143,060.40 200,024.90 7,943,035.50 
 
Table 45 Pu and MultiSensitive (MS) Calibration Curve Data of Image 4 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 53.9 39.5 12,471,088.10 182,883.70 12,288,204.40 
115 85.5 36.5 6,515,184.00 179,182.90 6,336,001.10 
10 116.3 37.6 731,589.80 181,081.50 550,508.30 
1 149.1 39.9 226,209.50 183,110.40 43,099.10 
0.1 182.4 36.9 179,567.20 184,733.30 -5,166.10 
Unknown 1 180.2 79.4 1,652,761.20 204,812.00 1,447,949.20 
Unknown 2 148.8 78.5 3,021,099.20 196,631.70 2,824,467.50 









Table 46 Pu and MultiSensitive (MS) Calibration Curve Data of Image 5 
Activity of Sample (Bq) Location of Centroid (mm) Gross DLU of Sample Background DLU Gross DLU-Background 
and Unknowns X Y (d=25mm) (d=25mm) 
 222 69.90 37.8 12,602,428.50 181,024.30 12,421,404.20 
115 101.20 36.5 6,605,484.50 176,903.00 6,428,581.50 
10 133.70 36.2 736,438.30 181,011.60 555,426.70 
1 165.70 38 232,399.70 186,217.40 46,182.30 
0.1 206.00 35.6 175,016.20 189,496.30 -14,480.10 
Unknown 1 198.5 82.6 1,510,457.80 222,676.70 1,287,781.10 
Unknown 2 166.1 84 2,931,086.60 218,246.60 2,712,840.00 




















Table 47 Activities of Pu Calculated from the Calibration Curve Equations 
  
Unknown 4 Unknown 5 Unknown 6 
FILM Calibration Curve Equations DLU Activity(Bq) DLU Activity(Bq) DLU Activity(Bq) 
TR y=87642+(1.138e+5)x 3125924.00 26.70 6118487.40 53.00 15675717.90 136.98 
 
y=-4092.2+(1.2935e+5)x 2547488.20 19.73 5691228.00 43.03 16041192.20 124.05 
 
y=43423+(1.141e+05)x 2496292.30 21.50 5264877.10 45.76 14943683.50 130.59 
 
y=99697+(1.1549e+5)x 3072837.20 25.74 6864079.70 58.57 17459077.70 150.31 
 
y=(1.6951e+5)+(1.1406e+5)x 2990849.70 20.07 6516822.50 45.14 17411471.40 122.63 
SR y=16420+73030 1604900.90 21.75 3419924.70 46.60 9904078.00 135.39 
 
y=18800+72560x 1612883.30 21.97 3479860.80 47.70 9955390.40 136.94 
 
y=64708+72335x 2191470.40 29.40 4225165.30 57.52 10238587.20 140.65 
 
y=13113+72149x 1826426.30 25.13 3549532.50 49.02 9862946.30 141.73 
 
y=19188+72234x 2081983.10 28.56 3663512.60 50.45 9593220.80 132.54 
MS y=-22590+56104x 1378108.70 24.97 2743185.90 49.30 7861750.70 140.53 
 
y=2682.7+55224x 1357930.00 24.54 2756206.60 49.86 7814325.20 141.45 
 
y=-12431+55366x 1510780.60 27.51 2967211.30 53.82 7943035.50 143.69 
 
y=32901+55537x 1447949.20 25.48 2824467.50 50.26 7593921.40 136.14 
 



























Unknown 1 2 15645 0 900 56.942 145.22 0.80 
 
1 15738 0 900 56.942 154.42 0.80 
 
3 15227 0 900 50.382 149.26 0.81 
Unknown 2 2 19418 0 900 38.713 180.24 0.72 
 
3 19394 0 900 28.629 190.11 0.72 
 
2 19479 0 900 37.936 180.81 0.72 
Unknown 3 2 9698 0 900 33.091 90.02 1.02 
 
3 9746 0 900 26.027 95.53 1.01 
 
2 9775 0 900 36.059 90.73 1.01 
Unknown 4  3 12566 0 5000 33.19 22.19 0.89 
  4 12027 0 5000 32.44 22.32 0.91 
  5 12811 0 5000 33.11 21.76 0.88 
Unknown 5 5 14235 0 2500 34.31 48.35 0.84 
  2 14098 0 2500 35.41 47.10 0.84 
  6 13247 0 2500 35.57 48.33 0.87 
Unknown 6 2 13915 0 900 34.65 136.53 0.85 
  6 13114 0 900 33.79 132.89 0.87 












Table 49 Average Activities of Unknown Samples Determined by Alpha Spectrometry 
 
 
Table 50 Average DLUs TR, SR and MS films 
Isotope Activity(Bq) TR SR MS 
239
Pu 0.1 30586 ±2443 8470 ±5228 NA NA 
1 1.37E+05 ±15309 85941 ±11887 49508 ±11004 
11 1.30E+06 ±61387 9.69E+05 ±34121 8.00E+05 ±39111 
160 1.97E+07 ±5.64E+05 1.35E+07 ±2.49E+05 1.20E+07 ±5.29E+05 
232 2.77E+07 ±2.90E+05 1.93E+07 ±5.46E+05 1.68E+07 ±6.04E+05 
241
Am 0.14 25661 ±7464 16133 ±4117 NA NA 
1.3 1.79E+05 ±6557 1.18E+05 ±9905 86437 ±16936 
10 1.19E+06 ±51559 7.71E+05 ±45374 5.61E+05 ±27462 
115 1.39E+07 ±5.88E+05 8.40E+06 ±44524 6.39E+06 ±42827 
222 2.59E+07 ±1.54E+06 1.61E+07 ±87100 1.24E+07 ±79833 
 
Table 51 Air Filter Data from Image 1 
Activity (Bq) or Air Filter DLUs Background DLU-background 
0.1 994224 619154 375070 
1.0 4990537 619154 4371383 
Air Filter 1 3534234 2073517 1460718 
Air Filter 2 2597253 2073517 523737 
 
 
Sample Name Activity (Bq) 
Unknown 1 150 ±4.61 
Unknown 2 184 ±5.54 
Unknown 3 92 ±3.00 
Unknown 4 22 ±0.30 
Unknown 5 48 ±0.71 




Table 52 Air Filter Data from Image 2 
Activity (Bq) or Air Filter DLUs  Background DLUs DLU-background 
0.1 952287  603538 348749 
1.0 4779902  603538 4176365 
Air Filter 1 3531360  2035372 1495988 
Air Filter 2 2548682  2035372 513309 
 
Table 53 Air Filter Data from Image 3 
Activity (Bq) or Air Filter DLUs Background DLUs DLU-background 
0.1 988009 631761 356247 
1.0 4730153 631761 4098392 
Air Filter 1 3436234 2151627 1284607 
Air Filter 2 2625147 2151627 473520 
 
Table 54 Activities of Air Filters Calculated from Calibration Curve Equations 
  
Air Filter 1 Air Filter 2 
Image Calibration Curve Equation DLU Activity (Bq) DLU Activity (Bq) 
1 y=-68964+4.4403e+6x 1,460,717 0.344 523,736 0.133 
2 y=-76542+4.2529e+6x 1,495,987 0.352 513,309 0.131 
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